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ABSTRACT

The present mvention 1s directed to an optical time-domain

reflectometer which employs a so-called “out-of-band”™ ofi-

setting to cancel the effects of Raman non-linearities which

extract energy from the trafhic signal wavelengths and
amplily the test signal back-scattering. Losses and faults 1n
the optical fibers are monitored by measuring the back-
scattered portion of the light launched into the fiber, with the
test signal back-scattering judiciously offset to account for
the Raman non-linearities. That 1s, the effects of the Raman
non-linearities are taken as a baseline measurement and,
then accordingly used as a basis to offset the test signal
back-scattering.

24 Claims, 3 Drawing Sheets
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OPTICAL TIME-DOMAIN
REFLECTOMETER (OTDR)

TECHNICAL FIELD

The present invention relates to an optical time-domain
reflectometer (OTDR) for detecting and monitoring losses
and faults 1n optical fibers employed, for example, 1n a dense
wavelength division multiplexing (DWDM) communication
system.

BACKGROUND OF THE INVENTION

Long distance communication systems are upgrading to
the use of dense wavelength division multiplexing
(DWDM), allowing optical channels to be spaced a few
nanometers or less. Although greatly increasing transmis-
sion capacity, as these changes are made, significantly more
capacity and mvestment are placed on a single optical fiber,
warranting continuous monitoring for losses or faults 1n the
fiber, such as through remote testing.

It 1s well known 1n the art, however, that an optical
time-domain reflectometer (OTDR) can be used to locate
faults, or to measure transmission loss in an optical fiber.
More specifically, an OTDR launches a test pulse of light
into the optical fiber, and then monitors the back-scattered
light for changes in intensity, indicative of a loss or fault.

To ensure reliable fault coverage, active fiber OTDR
testing 1s currently being deployed on DWDM communica-
fion systems to monitor for losses and faults. Unfortunately,
it has not been recognized that the current OTDR method 1s
ogenerally 1ll-suited for DWDM communication systems.

SUMMARY OF THE INVENTION

In accordance with the principles of invention, an optical
time-domain reflectometer (OTDR) employs a so-called
“out-of-band” offsetting to cancel the effects of Raman
non-linearities which extract energy from the traffic signal
wavelengths and amplify the test signal back-scattering,
thereby corrupting the ODTR measurement. Losses and
faults 1n the optical fibers are monitored by measuring the
back-scattered portion of the light launched into the fiber,
but the test signal back-scattering 1s judiciously offset to
account for Raman non-linearities. That 1s, the effects of the
Raman non-linearities are taken as a baseline measurement
and, then accordingly used as the basis to offset the back-
scattered signal.

This latter “out-of-band” offsetting 1s accomplished by
first measuring the “out-of-band” back-scattering without
the presence of a test signal, but while there 1s still live
tratfic. More specifically, just prior to launching a test light
pulse, the OTDR first measures the “out-of-band” back-
scattering due to the Raman non-linearities, that is the
amount of back-scattering reaching the ODTR that occurs at
the test signal wavelength due to stimulated Raman scatter-
ing. This “out-of-band” back-scattering 1s measured by
ogenerating a “blank” test pulse, and then measuring the
backward-scattering occurring at the test wavelength.

Once the “out-of-band” or baseline back-scattering has
been obtained, the OTDR launches a short duration test light
pulse(s) into the optical fiber, and measures as a function of
fime the test signal back-scattering, which 1s the sum of the
back-scattering due to Rayleigh scattering and possibly
Fresnel reflections, but amplified due to the Raman gain, G.
Importantly, the previously measured “out-of-band” or base-
line back-scattering occurring at the test signal wavelength
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2

1s used to calculate the Raman gain, G, which 1 turn 1s used
as the basis to offset the test signal back-scattering, thereby
canceling the effects of the Raman non-linearities.

BRIEF DESCRIPITION OF THE DRAWINGS

The features and advantages of the present mnvention will
become more readily apparent from the following detailed
description of the invention 1n which like elements are
labeled similarly and 1n which:

FIG. 1 1s a block diagram of an OTDR measurement
system modified to account for the effects of Raman non-
linearities 1n accordance with principles of the invention as
applied to a DWDM communication system;

FIG. 2 depicts the transter of optical power from the traffic
signal wavelengths to newly generated wavelengths due to

stimulated Raman scattering;

FIG. 3 depicts an exemplary plot of the Raman gain as a
function of fiber length; and

FIG. 4 depicts exemplary OTDR traces with and without
the effects of Raman non-linearities useful 1n 1llustrating the
principles of the present invention.

DETAILED DESCRIPTION

It has been discovered that current OTDRs are generally
ill-suited for monitoring losses and faults 1n optical fibers
employed in DWDM communication systems due to the
cffects of Raman non-linearities, specifically stimulated
Raman scattering and Raman gain. When both live traffic
and test signal wavelengths are present, particularly at high
power levels, power from the traffic signal wavelengths can
readily be transterred 1nto the back-scattered signal. As well
as generating new Irequencies, the strong ftraffic signal
wavelength also provides significant optical gain for the
back-scattered signal. As described herein below, the present
inventive optical time-domain reflectometer (OTDR),
however, employs a so-called “out-of-band” offsetting for
canceling the effects of Raman non-linearities.

Without any loss of generality or applicability for the
principles of the mnvention, the preferred embodiment of the
OTDR 1s described with respect to a DWDM communica-
tion system. It should be clearly understood, however, that
the present invention i1s equally applicable to lightwave
communication systems employing spare or simple WDM,
but of sufficiently high power levels, to have Raman non-
linearities cause energy to be extracted from the tratfic signal
so as to amplily the back-scattered signal.

Shown 1mn FIG. 1 1s an exemplary dense wavelength
division multiplexed (DWDM) communication system 100
in which an optical transmission fiber 105 carries the desired
optical signals over a plurality of independent optical chan-
nels 110, spaced, for example, 100 GHz (0.8 nm) apart. Each
of the optical channels 1s allocated a unique band of wave-
lengths to transmit information over optical fiber 105 using
well-known modulation techniques, preferably 1n the com-
monly used 1.55 um region, where the attenuation 1s the
lowest. In practice, the optical channels are generated by a
plurality of transmission lasers and, then multiplexed onto
optical fiber 105 using a fiber coupler. Although not shown,
DWDM communication system 100 preferably also
employs Erbium (Er) doped fiber amplifiers to maintain the
amplitude and integrity of the optical signals over substan-
tially the entire span of optical fiber 1035.

Shown 1n FIG. 1 1s also an optical time-domain reflecto-
meter (OTDR) 115, which has become the primary instru-
ment 1n the prior art for the characterization of optical fibers
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based on back-scattered measurements. OTDR 115 com-
prises a laser diode 120 which is intensity modulated by a
pulse generator 125 upon being triggered by a signal-
processing unit 130. Although various codes and correlation
techniques are used, square test light pulses are sufficient for
most applications. Typically, pulse widths between 5 ns and
10 us are used, depending on the desired spatial resolution
and sensitivity.

In operation, OTDR 115 launches a short duration light
pulse(s) 135 coupled into optical fiber 105 through a WDM
coupler 140, and then measures, as a function of time after
the launch, the optical signal returned to the ODTR, herein
after referred to as the “test signal back-scattering” or “test
signal back-scatter.” As light pulse(s) 135 propagate along
optical fiber 105, 1t encounters reflecting and scattering sites,
resulting 1n a portion of the launched signal being retflected
back along 1n the opposite direction, caused, for example, by
Rayleigh scattering and possibly Fresnel reflections. By
measuring the arrival time of the test signal back-scattering,
the fiber attenuation can be determined, as well as the
locations and magnitudes of faults 1n the fiber, such as
splices, cracks and bends. Because the back-scattered signal
1s typically weak, the measurement 1s repeated several times
to average hundreds to thousands of measurements, 1mprov-
ing the signal-to-noise ratio (SNR). Typically, the receiver
noise which limits the detectable back-scattered power level
1s about 100 dB below the launch power level of the test light
pulse, but may be improved up to 25-30 dB or more with
several minutes of averaging.

Although the conventional OTDR can readily monitor
losses and faults, 1t 1s 1ll-suited for optical fibers employed
in DWDM communication systems. For 1550 nm traffic
signal wavelengths, the 1625—1650 nm spectrum has been
established as the standard OTDR test wavelengths due to
the absence of tratfic, as well as being more sensitive to the
physical characteristics of the fiber. It has been 1mnventively
recognized, however, that when both live traffic and test
signal wavelengths are present, power from the trathic signal
wavelengths are readily transferred into the test signal
wavelength due to stimulated Raman scattering. This 1s
particularly true at the high power levels employed by
DWDM communication (1-5 mW per channel), which for

next generation systems will employ 80 or more optical
channels.

Raman scattering 1s caused by the molecular vibrations of
optical phonons caused, 1n this case, by the interaction of the
strong electrical fields of the tratic wavelengths and the
quartz molecules of optical fiber 105. These molecular
vibrations modulate the traffic signals, extracting some of
their power nto newly generated optical wavelengths,
known as Stoke or Anti-Stoke lines. It has been observed
that at room temperature, the majority of these newly
generated wavelengths are on the higher wavelength side of
the traffic signal wavelengths. As well as generating new
frequencies, this same molecular vibration provides optical
cgain for the newly generated light as well as the test signal
back-scattering.

As depicted m FIG. 2, a portion of the optical power
within optical channels 110 (shaded region 145) is lost to
these newly generated wavelengths 150, reducing the traffic
signal level, as well as providing optical gain for the
back-scattered signal. For silica, the peak of these newly
ogenerated wavelengths 150 occurs about 0.1 um away from
the 1.55 um traffic signal wavelength, or around 1.65 um.
Initially, these newly generated wavelengths start out as
spontaneous Raman light and propagate down the fiber,
suffering both fiber loss and experiencing Raman gain.
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Computer simulations, indicate, that these newly generated
wavelengths are typically below the signal level of the test
signal back-scattering. For example, about —14 dBm of 20
dBm of 1550 nm traffic will be generated in a 50 km length

of fiber, which 1s about 34 dBm below the traffic power
level.

As noted above, the strong traffic signal wavelengths
provide optical gain for the back-scattered signal at the
nearby test signal wavelengths of 1625-1650 nm. Shown 1n
FIG. 3 is an exemplary depiction of the Raman gain (dB) as
a function of the length of fiber (km). In this particular case,
the Raman gain ranges about a few dB for fiber up to 100 km
in length. As such, the traffic signal will provide substantial
optical gain for the test signal back-scattering over the entire
span of the fiber, corrupting the OTDR measurement and
thereby severely limiting its accuracy.

Shown 1n FIG. 4 are exemplary OTDR traces 155 and 160
of the back-scattered signals, with and without the effects of
stimulated Raman scattering, respectively. The vertical axis
represents the signal level of the test signal back-scattering
on a logarithmic scale (dB). The horizontal axis, however,
corresponds to the location along optical fiber 105, with the
time base translated to distance using a conversion factor of
about 10 us per kilometer (km). Inasmuch as the light travels
forward and backward to the OTDR, thereby experiencing
twice the fiber attenuation, both axes are scaled by a factor
of two.

More specifically, OTDR trace 160 depicts a test light
pulse launched at 0 dB which decays to a =10 dB level after
50 km, with 1ts slope representing the attenuation coefficient,
., 01 0.05/km or 0.2 dB/km. Taking the fiber attenuation into
account, the back-scattered signal weakens with increasing
distance, and eventually drops to receiver noise at the end of

the fiber.

As discussed herein above, due to Raman non-linearities,
the signal traffic, herein at 1550 nm, provides significant
optical gain for the test signal back-scattering. Assuming
that the Raman non-linearities are small, the optical gain G
over a length L of fiber 1s given by:

{(; = ET;L (1)

7 gLEﬁPD (2)
’J/ =

LA

| 3
Legr = 5(1 — e ") )

where o is the attenuation coefficient (1/km) of the fiber, v’
is the effective Raman gain coefficient (1/km), g is the
Raman gam factor, P_ 1s the average traflic signal power
(W) A ﬁls the effective core area of the fiber (m®), and L_,
is the effective length of the fiber (km).

As such, the Raman gain amplifies the test signal back-
scattering and hence offsets OTDR trace 160, erroneously
indicating the signal levels of the back-scattered light. The
fiber attenuation, among other things, which 1s based on a
back-scattered signal analysis 1s likewise 1naccurate,
severely limiting automated testing wherein the attenuation
1s periodically compared to a reference value. For example,
for a length of fiber of 50 km, 100 mW (20 dBm) of traffic
signal at 1550 nm would amphfy and offset the test signal
back-scattering about 4 dB over the length of the fiber, as
depicted 1n OTDR trace 155. Note that due to the Raman

cain, the signal level at the fiber end point 1s only 6 dB lower
than the launch level, rather than at the correct level of —10

dB. Hence, ODTR trace 155 has a much lower slope,
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erroncously indicating an apparent fiber attenuation coefli-
cient a of only 0.12 dB/km.

In accordance with the principles of invention, OTDR 115
1s modified to employ a so-called “out-of-band” oifsetting
for canceling the effects of Raman non-linearities. Likewise,
losses and faults in the optical fibers are monitored by
measuring the back-scattered portion of the light launched
into the fiber. Although the test 1s performed on optical fiber
105 carrying the ftraffic signals to ensure reliable fault
coverage, the test signal back-scattering 1s judiciously offset
to account for Raman non-linearities which extract energy
from the traffic signal wavelengths and amplify the test
signal back-scattering. In this latter manner, the effects of the
Raman non-linearities are substantially minimized, if not
entirely canceled. That 1s, the effect of the Raman non-
linearities 1s taken as a baseline measurement and, then
accordingly used as the basis to offset the test signal back-
scattering, as described more fully herein below.

This so-called “out-of-band” offsetting 1s accomplished
by first measuring the “out-of-band” back-scattering
received at the OTDR without the presence of a test signal,
but while there 1s still live traffic. This “out-of-band” or
baseline back-scattering 1s observed as an offset above the
normal receiver noise. This “out-of-band” back-scattering is
then used as the basis to offset the test signal back-scattering.
Preferably, this baseline measurement 1s made immediately
before measuring the test signal back-scattering to account
for power fluctuations 1n the tratfic. More specifically, just
prior to launching test light pulse(s) 135, OTDR 115 is
modified to first measure the “out-of-band” back-scattering
due to Raman non-linearities, that 1s the amount of back-
scattering reaching the ODTR that occurs at the test signal
wavelength due to stimulated Raman scattering. This “out-
of-band” back-scattering 1s measured by pulse generator 125
ogenerating a “blank” test pulse, and then measuring the
backward-scattering occurring at the test signal wavelength,
for example, at 1.65 um. In this latter manner, only the
back-scattering due to the spontancous Raman scattering 1s
measured.

Referring back to FIG. 1, the “out-of-band” back-
scattering 1s coupled to a photo-detector 165, such as a p-1-n
diode or avalanche photo-diode (APD), through a direc-
tional coupler 170 whereby the “out-of-band” back-
scattering 1s converted to an electrical signal. Although
directional coupler 170 1s preferably a 3 dB fusion type fiber
coupler, beam splitters, circulators, prisms or optical
switches may also be used to perform the same function. The
clectrical signal 1s amplified by an amplifier 175, converted
into a digital signal using an analog-to-digital converter
(ADC) 180, and then processed by signal processor 130 to
compute the amount of “out-of-band” back-scattering (dB)
occurring at the test signal wavelength. Again, because the
back-scattered signal 1s weak, the measurement 1s averaged
over several minutes to detect the “out-of-band” back-
scattering from the receiver noise.

Once the “out-of-band” or baseline back-scattering has
been measured, OTDR 1185 then launches short duration test
light pulse(s) 135 (~20 dBm) into optical fiber 105, and
measures as a function of time (distance) the test signal
back-scattering. These test light pulses 135 are coupled to
transmission fiber 105 through WDM coupler 140, which
also serve to likewise direct the test signal back-scattering to
photodetector 165. To prevent the test pulses, however, from
saturating photodetector 165, sufficient optical 1solation 1s
provided between laser diode 120 and photo-detector 165.
Also to ensure nonintrusive testing, the test signal pulse(s)
135 1s removed from the traffic signals prior to reaching a
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transmission receiver 185 by mserting, for example, a 1550
nm bandpass filter 190 to block the test signal wavelength.
If desired, the test-signal back-scattering may be displayed
on a monitor 195.

Recall, that as each light pulse 135 propagates along
optical fiber 1085, 1t encounters reflecting and scattering sites
resulting 1n a portion of the launched signal being reflected
back along 1n the opposite direction. As discussed herein
above, this back-scattering, however, 1s the sum of the
back-scattering due to Rayleigh scattering and possibly
Fresnel reflection, which has been amplified due to the
Raman gain, G. Similarly, the test signal back-scattering is
converted to an electrical signal, and then digitized.

Importantly, signal processing unit 130, however, takes
the previously measured “out-of-band” or baseline back-
scattering to calculate the Raman gain, G, present over the
length of the fiber, and then use the gain as the basis to
accordingly offset the test signal back-scattering. It can be
shown that the amount of “out-of-band” back-scattering
PBS produced 1 a fiber of length L by Raman non-

linearities for a traffic of average power P 1s approximately
ogrven by:

k (4)
—20z 2V 7
PBS ~ Pﬂwﬁamanwﬁayﬁfghsf € e’ dz
7=0

§(1 - g2t 5)

2a—7')

Ppgs

=~ X Raman¥ Rayliegh
Po

S (1 - g2 )

2a—-7y')

Ppgs

Po

~ ¥ Raman¥ Rayliegh

™

where 0g,,,..., 1S the Raman scattering coethicient, oz, z0i0
1s Rayleigh scattering coeflicient, S 1s the back-scattering
capture coellicient, and z 1s the distance along the fiber, with
the fiber attenuation ¢ assumed to be approximately the
same for the test and traffic wavelengths.

In accordance with the principles of 1nvention, using Eq.
(6), the effective Raman gain coefficient y' can be determined
from the measured “out-of-band” back-scattering P,., and
P_. Typically, P_ 1s a system parameter, and hence a known
value. However, 1f the traffic power 1s unknown, another
“blank” test pulse may be used to measure the amount of
back-scattering P_ reaching the ODTR that occurs at the
traffic signal wavelength due to the Rayleigh scattering.
Note that this requires coupling the back-scattering occur-
ring at the traffic signal wavelength to photodetector 1635,
such as through the use of a circulator 200. This latter
back-scattering then can be used to calculate the traffic
power P, 1n accordance with following relationship:

2a
YRavieigh \) (l - ‘E_ML)

(7)

where P_ 1s the back-scattering reaching the ODTR that
occurs at the traffic signal wavelength.

Once the Raman gain coetficient ¥v' has been determined,
it can then be inserted into Eq. (1) to yield the Raman gain
G, which 1n turn 1s used as the basis to offset the test signal
back-scattering, thereby canceling the effects of the Raman
non-linearities. Those skilled in the art will readily note that
since the Raman gain coefficient v' in Eq. (6) cannot be
expressed 1n closed form with respect to the “out-of-band”
back-scattering PBS, the Raman gain coefficient y' must be
calculated using numeric iteration techniques.

The above Raman gain G calculation can be 1llustrated by
way of example under the following conditions with respect
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to the ODTR traces shown 1n FIG. 4: traffic power of 0.1 W
(20 dBm) at 1550 nm, test signal wavelength at 1.65 um,
attenuation coefficient ¢. of 0.2 dB/km, fiber length of 50 km,
Raman gain factor of 0.27x10™"> m/W, backscatter factor of
0.001, and spontaneous Raman efficiency of 1x107°.
Employing a “blank” test pulse from pulse generator 125, as

discussed herein above, the “out-of-band” back-scattering
PBS occurring at 1.65 um 1s measured. Of course, OTDRs
employing a different test wavelength may likewise obtain
the “out-of-band” back-scattering occurring at the chosen
test signal wavelength. For a measured normalized “out-of-
band” back-scattering (P, /P ) of =92 dB or -72 dBm, the
clfective Raman gain coefficient y' 1s calculated using
numerical iteration to be 0.18 1/km. Using Eq. (1), the
Raman gain G over the 50 km 1s then calculated as 4 dB.
Inasmuch as OTDR trace 155 1s the true test signal back-
scattering, but amplified due to the Raman gain, adjusting or
depressing each data point along OTDR trace 155 by the
Raman gain G (dB) divided by the corresponding distance z
along the fiber 105 yields OTDR trace 160. In other words,
the test signal back-scattering corresponding to a distance z
along the fiber 1s offset by the Raman gain, G, divided z.
Hence, this “out-of-band” offsetting cancels the effects of
the Raman non-linearities, greatly improving the accuracy
of the OTDR by restoring the back-scattered signal back to
its true reading.

Note that the above offsetting procedure may be used in
combination with remote testing to ensure the integrity of
optical fibers 1n a network. During network installation, a
baseline OTDR measurement for each fiber can be created
and saved 1n a database. As the networks are upgraded to the
use of dense wavelength division multiplexing (DWDM),
the above described “out-of-band” offsetting procedure can
be employed to compensate for the effects of the Raman
non-linearities, which cause erronecous reading in the fiber
attenuation. The link loss, calculated from the compensated
OTDR trace, can then be periodically compared to 1its
reference value for preventive maintenance. If the deviation
exceeds a given threshold level, service personnel can then
be dispatched. Of course, the above “out-of-band” offsetting,
likewise may be used to offset the test signal back-scattering
corresponding to splices, cracks, and bends in the fiber.

It should be understood that the embodiments herein
above are merely 1llustrative of the principles of the mnven-
tion. Various modifications may be made by those skilled 1n
the art which will embody the principles of the invention and
fall within the spirit and the scope thereof.

What 1s claimed 1s:

1. An optical time-domain reflectometer having a light
source means for launching a test light pulse into a test fiber
carrying trail

ic signals, and means for measuring, as a
function of time after the launching of the test light pulse, the
test signal back-scatter from the test fiber, wherein the
improvement comprises said means for measuring including
means for offsetting the test signal back-scatter so as to
compensate for Raman non-linearities present in the test
fiber which Raman non-linearities extract energy from the
tfraffic signals and amplify the test signal back-scatter,
wherein the offsetting of the test signal back-scatter 1s made
on the basis of the Raman gain G present over the length of
the test fiber, and the Raman gain G 1s calculated from a
measured “out-of-band” back-scattering PBS 1n accordance

with the following equations:
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where P, 1s the back-scattering reaching the optical time-
domain reflectometer that occurs at the wavelength of the
test light pulse without the presence of the test light pulse,
but while there 1s still ive traffic, a 1s the attenuation
coellicient of the fiber, v' 1s the e_fectwe Raman gain
coefficient, o, 1s the Raman scattering coefficient,
ARayleigh 1s Rayleigh scattering coeflicient, S 1s the back-
scattering capture coeflicient, P_ 1s the average power of the
traffic signals, and L 1s the length of the test fiber.

2. The optical time-domain reflectometer of claim 1
wherein the trathic power P_ 1s calculated in accordance with
following relationship:

2a
& Ravieigh S (1 - ‘E_ML)

where P_ 1s the back-scattering reaching the optical time-
domain reflectometer that occurs at the traffic signal wave-
length.

3. The optical time-domain reflectometer of claim 1
wherein said traffic signals mclude a plurality of dense
wavelength division multiplexed optical channels.

4. The optical time-domain reflectometer of claim 1
wherein said light source means includes a laser diode, a
signal processing unit, and a pulse generator which intensity
modulates the laser diode upon being triggered by the signal
processing unit.

5. The optical time-domain reflectometer of claim 1
wherein said means for measuring averages repeated test

signal back-scattering measurements to improve the signal-
to-noise ratio.

6. The optical time-domain reflectometer of claim 1
wherein said traffic signals are at wavelengths around 1550

nm and said test light pulse 1s at a wavelength of about
1625—-1650 nm.

7. The optical time-domain reflectometer of claim 1
further including an optical coupler for coupling the test
light pulse into the test fiber.

8. The optical time-domain reflectometer of claim 1
wherein said means for measuring includes a photodetector
and an optical coupler for directing the test signal back-
scatter to the photodetector.

9. An optical time-domain reflectometer comprising:

a light source for launching a test pulse into a {fiber
carrying traffic signals over a plurality of optical chan-
nels;

a pulse generator for modulating the light source;

a photodetector for detecting back-scattering of the test
pulse from the fiber, or the so-called “test signal back-
scattering”;

a signal processing unit for triggering the pulse generator,
said signal processing unit trigeering the pulse genera-
tor to launch a “blank™ test pulse such that the photo-
detector measures the “out-of-band” back-scattering
PBS occurring at the wavelength of the test pulse from
which the Raman gain G present over the length of the
fiber 1s calculated, and said signal processing unit
subsequently triggering the pulse generator to launch a
test pulse into the fiber, with the test signal back-
scattering offset on the basis of the calculated Raman
gain, G.
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10. The optical time-domain reflectometer of claim 9
wherein the test signal back-scattering from a corresponding,
distance z along the test fiber 1s offset by the Raman gain, G,
divided by z.

11. The optical time-domain reflectometer of claim 9
wherein the Raman gain G 1s calculated from the test signal
back-scattering PBS occurring after launching the “blank™
test pulse 1 accordance with the following equations:

G=e L

S(1 - e e 1)
2a—-7v')

Pgs
P,

=~ X Raman Y Rayliegh

where a 1s the attenuation coeflicient of the fiber, v' 1s the
cfiective Raman gain coeflicient, o . . 1s the Raman
scattering coethicient, Og,,..;.n, 1S Rayleigh scattering
coellicient, S 1s the back-scattering capture coefficient, P_ 1s
the average power of the traffic signals, and L 1s the length
of the test fiber.

12. The optical time-domain reflectometer of claim 11
wherein the traffic power P_ 1s calculated 1n accordance with
following relationship:

2a
Y Ravieigh S (1 — ‘E_ML)

PQT-EPS

where P_ 1s the back-scattering reaching the ODTR that
occurs at the traffic signal wavelength.

13. The optical time-domain reflectometer of claim 9
wherein said traffic signals include a plurality of dense
wavelength division multiplexed optical channels.

14. The optical time-domain reflectometer of claim 9
wherein said light source includes a laser diode.

15. The optical time-domain reflectometer of claim 9

wherein said signal processing unit averages several test
signal back-scattering measurements to 1improve the signal-
fo-noise ratio.

16. The optical time-domain reflectometer of claim 9
wherein said traffic signals are at wavelengths around 1550
nm and said test light pulse 1s at a wavelength of about
1625—-1650 nm.

17. The optical time-domain reflectometer of claim 9
further including an optical coupler for coupling the test
light pulse mto the test fiber.

18. The optical time-domain reflectometer of claim 9
further including an optical coupler for directing the test
signal back-scattering to the photodetector.

19. A method for measuring the optical characteristics of
an optical fiber comprising the steps of:
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measuring the “out-of-band” back-scattering P, 1n the
optical fiber occurring at a test wavelength from which

1s calculated the Raman gain C present over the length
of the fiber;

launching a test light pulse at the test wavelength into the
optical fiber and measuring, as a function of time after
the launching of the test light pulse, the test signal
back-scattering from the optical fiber; and

olfsetting the test signal back-scattering measured after
launching the test light pulse on the basis of the

calculated Raman gain, G.

20. The method of claim 19 wherein said offsetting step
includes offsetting the test signal back-scattering corre-
sponding to a distance z along the fiber by the Raman gain,
G, divided z.

21. The method of claim 19 further comprising the step of
calculating the Raman gain G from the out-of-band back-
scattering PBS 1n accordance with the following equations:

G=e'L

S(1 - & %a=" )

2a—7y)

Pgs
P,

~ Y Raman ¥ Rayliegh

where o 1s the attenuation coeflicient of the fiber, ' 1s the
cffective Raman gain coethcient, o, _  1s the Raman
scattering coethicient, Og,,.;0n 1S Rayleigh scattering
coellicient, S 1s the back-scattering capture coefficient, P_ 1s
the average power of the traffic signals, and L 1s the length
of the test fiber.

22. The method of claim 21 wherein the traffic power P
1s calculated 1n accordance with following relationship:

™

2a
& Ravieigh S (1 - ‘E_ML)

where P_ 1s the back-scattering reaching the ODTR that
occurs at the traffic signal wavelength.

23. The method of claim 19 wherein said optical fiber
carries traffic signals over a plurality of dense wavelength
division multiplexed optical channels.

24. The method of claim 19 further including the step of
averaging test signal back-scattering measurements to
improve the signal-to-noise ratio.
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